Fruiting body formation (sporulation) is a distinctive, irreversible differentiation process in the life cycle of the slime mold Physarum polycephalum. The most important requirement for sporulation of Physarum is a period of starvation, and normally sporulation proceeds in the light. It is shown here that by omitting the liquid sporulation medium and elevating the temperature from 21 to 25°C, sporulation can occur routinely in the dark. It is further shown that this autocrine signaling in the dark requires calcium ions and malate. A putative sporulation control factor was detected in conditioned media derived from plasmodia starved in the dark, which was then identified as polymalate. As an additional role for this previously detected polyanion, specific for the plasmodial state of Physarum, it is suggested that the secreted compound serves as a source for both malate and calcium ions and thus promotes sporulation without light signaling.
Sporulation of Physarum polycephalum has long been considered a model system for the investigation of eukaryotic differentiation (7, 18) . During an extended starvation period of several days, the plasmodium reaches a state of "competence" (6) which enables it to activate a sporulation pathway after an induction signal, usually light, is perceived. This is followed by a "point of no return" (commitment), a morphogenetic sequence of multiheaded sporangia formation, hence the name P. polycephalum, and cellularization of uninucleate spores (17) . Little is known about the biochemical events that establish the state of competence and promote sporulation. Wilkins and Reynolds demonstrated the existence of sporulation control factors (SCFs) (26) . They suggested that starving plasmodia release these substances into the medium. A threshold level of the unidentified SCFs in the medium was postulated for acquiring competence to sporulate after illumination of a starved plasmodium.
In this study, a new regimen to obtain sporulation in the light or in the dark has been established. It was used along with a solid matrix (agarose or agar) as a sensitive test for secretion of sporulation-promoting factors from the starved plasmodium and to assay active fractions obtained from conditioned medium. The same assay conditions were used to identify such activity among the components of the classical sporulation medium of Daniel and Rusch (6) . We report here the involvement of three substances: calcium ions, malate, and polymalate. Calcium ions and malate are sufficient to promote sporulation in darkness; polymalate seems to be a sporulation control factor and may act as a source for calcium ions and malate.
MATERIALS AND METHODS
Organism and culture media. Two lines of the yellow, haploid CL strain of Physarum polycephalum were investigated which differed in their sporulation potential. Strain CL-A, which had the lower sporulation potential (on average, 2 to 4 out of 10 cultures sporulated), was used as the acceptor for putative sporulation-promoting factors in "dark sporulation assays" (i.e., sporulation without light induction). Conditioned medium of this strain was also analyzed as a reference sample by 1 H-nuclear magnetic resonance (NMR) spectroscopy (or negative control, as it did not enhance sporulation). Strain CL-D, which sporulated very well (routinely, 9 to 10 of 10 cultures sporulated), was used as the donor of conditioned media and as an active (i.e., sporulation-promoting) sample for NMR spectroscopy. Strain CL-D was also studied in the constant light assays. Microplasmodia were grown as 50-ml shake cultures in 500-ml Erlenmeyer flasks in the citrate-hematin growth medium (5 Microplasmodia were harvested at the end of exponential growth by centrifugation at 250 ϫ g for 20 s. Pellets (8-to 12-ml pellet, or 4 to 6 g freshweight after washing, depending on the age of the culture) were resuspended in 70 ml of 30 mM KCl washing solution and centrifuged again. Aliquots (0.5 ml) of the pellets were pipetted onto round filter papers (diameter, 2.6 cm; Schleicher & Schüll, no. 1574), which were placed on two layers of filter paper to blot off the remaining washing solution. After 15 min, the filter papers with the microplasmodia were transferred to agar or agarose dishes. Under standard conditions, 20 ml of 1% (wt/vol) agarose in double-distilled water was used in a 9-cm-diameter polystyrene Petri dish.
Constant light assays. Constant light assays were done at 25°C under normal room fluorescent light. Whereas the traditional method of starvation in the dark followed by light induction after 4 days (6, 18) is useful to obtain synchronously sporulating plasmodia, the constant light assay makes it possible to determine the sporulation time (the interval from placing the plasmodia on the gels to the visible onset of morphogenesis). This time interval is considered a more sensitive parameter of sporulation capacity than the standard two-step procedure of an extended starvation in the dark followed by illumination. Because of the consistant duration and exact temporal order of morphogenesis (from nodules over pillars to sporangia followed by melanization over a period of 8 h), it was sufficient to check plasmodia at intervals of 8 h.
Dark sporulation assays. For dark sporulation assays, plasmodia were starved in darkness at 25°C and checked for sporulation every 24 h by inspection under green light (500 to 600 nm), which has no effect on sporulation competence (14) .
Preparation and assay of conditioned media. Conditioned media were produced in glass petri dishes with an inner diameter of 18.5 cm. Petri dishes were lined with polyester tissue disks and autoclaved. Then 20 ml of 0.5% agarose solution (about 50°C) was pipetted into the petri dishes (theoretical gel membrane thickness, 0.75 mm). After the agarose solidified, the gel was floated by pipetting 100 ml of double-distilled water under the agarose membrane. The membranes were supported by stainless steel grids. To obtain conditioned media, large masses of microplasmodia were harvested as for sporulation assays. Then 10-ml portions of the pellets were pipetted onto each round filter (7-cm diameter), which were transferred after 15 min onto the top of the agarose membranes. After 4 days of starvation at 25°C either in constant light or in darkness, conditioned media were sucked off and filtered (0.2-m pore size; Millipore) (recovery was 50 to 70 ml per dish). To determine the sporulation-promoting activity, 5-ml aliquots of the conditioned media were spotted on 1% (wt/vol) agarose gels (20-ml volume, 1 mM CaCl 2 ) and were allowed to dry on a clean bench. These "conditioned gels" were tested in dark sporulation assays.
Fractionation of conditioned media. Conditioned media were separated into three fractions by ultrafiltration with the Amicon thin-channel ultrafiltration system TCF 10 and Diaflo membranes PM 30 and YM 3 (filter nominal values, 30 and 3 kDa, respectively). Conditioned medium (typically 300 ml pooled from several cultures) was filtered to 95% through the PM 30 membrane, and retenate 1 was rediluted to the start volume and labeled UFϾ30kDa. Filtrate 1 was filtered to 95% through the YM 3 membrane, yielding retenate 2. Then retentate 2 and filtrate 2 were also rediluted to the start volume and labeled UF3-30kDa and UFϽ3kDa, respectively. UF3-30kDa samples used for 1 H-NMR spectral analysis were not diluted.
Analytical methods. 1 H-NMR spectra were recorded on a WH 360 NMR spectrometer (Bruker). To UF3-30kDa fractions (15-to 25-ml retenates of 300 to 500 ml of conditioned media), 1% (vol/vol) 10 mM Na 2 EDTA solution (pH 5.0) was added to reduce interferences by Fe 2ϩ and Mn 2ϩ ions. They were then lyophylized and dissolved in 0.5 ml of D 2 O. The high-pressure liquid chromatography (HPLC) purified poly(␤-L-malate) (40 mg/ml in D 2 O) was a gift of E. Holler (Regensburg). Anions were analyzed by Dionex ion chromatography with a conductivity detector.
RESULTS
Starved plasmodia of Physarum sporulate in light or in darkness. After numerous pilot experiments, the following standard procedure was established, which is modified from the regimen used previously (5, 9, 17, 18, 26) . The minimal requirements did not include the permanent presence of the sporulation medium during the extended starvation period. Plasmodia were starved in polystyrene petri dishes in moist chambers in constant light or constant darkness at 21 and 25°C. The plasmodia kept in constant light at 25°C (12 of 12) sporulated after 2 days of starvation, and all those kept at 21°C (12 of 12) sporulated after 3 days. Plasmodia starved in constant darkness at 25°C had sporulated after 5 days (7 of 12 [58%]), but the plasmodia kept at 21°C failed to sporulate in the dark (0 of 12 [0%]; error probability, P ϭ 0.5%).
These results established a reliable sporulation assay. In contrast to most previous work, illumination seems not to be an absolute requirement for sporulation. However, in addition to the nutrient stress, light is very effective in reducing the sporulation time (2 versus 5 days at 25°C) as well as increasing the efficiency of sporulation (100 versus 0% at 21°C). One reason for successful sporulation in the dark could be the avoidance of dilution and diffusion of sporulation factors into the liquid sporulation medium used in the classical regimen. These observations, summarized in Fig. 1 and 2 , are a sample of the results from many positive experiments done over a period of more than 5 years. The experiments shown in the figures were designed to demonstrate the general conclusions obtained under best controlled conditions (i.e., the tested macroplasmodia were set up from the same pool of microplasmodia to provide homogeneous samples and reliable results; see Materials and Methods).
The volume effect suggests secreted sporulation-promoting activity. It was previously shown (26) that plasmodia can secrete materials with SCF activity that increase the competence to sporulate. If so, dilution of this secreted material should delay sporulation. Therefore, in preliminary experiments, sporulation in constant light of plasmodia strain Cl-D was tested on agar or agarose gels of different concentrations. The time interval from placing the plasmodia on the gels to the visible onset of morphogenesis was determined. This period, defined as the sporulation time, was dependent on the gel material, the concentration of the gel, the gel volume, and the composition of the aqueous phase. On 1% (wt/vol) and 2% agar gels and on 2% (wt/vol) agarose gels, sporulation time lasted 48 to 60 h if the gels were prepared with double-distilled water.
On 1% agarose (i.e., conditions of a higher diffusion rate), sporulation time lasted 84 h. These conditions define the standard procedure (see Materials and Methods). The results in Fig. 1A show that under these conditions, i.e., 20 ml of 1% agarose gel in water and constant light, sporulation initiated at 84 h and the last of the plasmodial set tested had begun sporulation by 90 h. All sporangia of the experiments summarized in Fig. 1 show normal morphology. Reducing the gel volume (gel thickness), which presumably increased the local concentration of secreted material, shortened the sporulation time. This observation was dubbed "volume effect" (greater volumes lead to longer sporulation times). This interval decreased as the gel volume was reduced (Fig. 1A) .
The shortest sporulation time was 49 h, when the plasmodium was placed on an eightfold reduced volume. This was similar to the minimal period detected with plasmodia starved on moist filter paper alone, i.e., in the absence of any gel matrix or sporulation medium. This approach, focusing on the delay of sporulation by dilution and diffusion, cannot assay for positive-acting sporulation factors, which are assumed to be released from plasmodia during starvation.
Ca2 ؉ ions have sporulation-promoting activity. The surprising observation that both strains, Cl-A and Cl-D, could sporulate in the dark in the absence of liquid SM prompted an analysis of the liquid phase of the agarose gels. First the effect of SM was evaluated. Different dilutions of SM were compared with just water in a volume of 20 ml of 1% (wt/vol) agarose.
As in the volume effect experiments (Fig. 1A) , the average sporulation time on water was about 84 h (Fig. 1B) . Again, all cultures assayed sporulated. Undiluted SM did accelerate the sporulation time in constant light to 56 h. However, because the shortest sporulation time of 45 h was found with 1:4 diluted SM, not only positive but also negative effects of some components of the full-strength SM on sporulation time were concluded.
Therefore, the components of SM were examined one at a time, at different concentrations in 1% agarose gels. After pretests, cations were used as chlorides, anions were used as potassium salts, and the pH was adjusted to 5.0 if necessary. The results were as follows (for reference, note the concentrations for the various compounds in the SM [6] in parentheses): (i) K ϩ , Na ϩ , and Cl Ϫ ions had no effect on sporulation time up to 50 mM; (ii) SO 4 2Ϫ ions (2.5 mM) or HPO 4 2Ϫ /H 2 PO 4 Ϫ ions (2.9 mM) accelerated sporulation only in at least fourfold higher SM concentrations; (iii) citrate (5.7 mM) permitted sporulation from 5 to 10 mM but plasmodia looked abnormal, and at 12 mM citrate was toxic; (iv) Fe 2ϩ (0.3 mM) or Mn 2ϩ (0.4 mM) or Zn 2ϩ ions (0.1 mM) were already at SM concentrations that were slightly toxic; (v) Ca 2ϩ (4.1 mM) and Mg 2ϩ ions (2.4 mM), each tested separately, promoted sporulation in concentrations from 1 to 16 mM; and (vi) the vitamins of SM, niacin (0.8 mM) and niacinamid (0.8 mM) were also tested. In SM only niacinamid had sporulation-promoting activity. However, either of the two tested alone (i.e., in water) at concentrations from 0.8 to 8 mM had no effect. Niacin in concentrations higher than 8 mM was toxic.
To examine whether the dilution of secreted Ca 2ϩ or Mg 2ϩ ions could explain the volume effect, five SM with different concentrations of CaCl 2 and MgCl 2 were tested at a combined concentration of 7.2 mM. As shown in Fig. 1C , sporulation was much more strongly promoted at increasing Ca 2ϩ concentrations (relative to the Mg 2ϩ ion concentration). As the total molarity of the two ions was always the same, it seemed that the dilution of Ca 2ϩ ions could not be compensated by Mg 2ϩ ions. It is also apparent that at the two lowest calcium concentrations sporulation capacity is reduced, whereas at the highest concentration the fastest of all sporulation times, 39 h, and 100% sporulation were registered. Clearly, calcium ions are necessary for efficient sporulation but are not sufficient to make starved plasmodia competent to sporulate in the dark (see below). Preparation of conditioned media and dark sporulation assays. For the isolation of further sporulation-promoting factors which allow sporulation in the absence of light, a new methodology was developed. Plasmodia were starved on a 0.75-mm thin agarose membrane above double-distilled water. The agarose membrane retains the bulk of the massive amounts of plasmodium stage-specific slime and prevents the accumulation of cell debris in the medium. As concluded from the volume effect described above (Fig. 1A) , sporulation factors would diffuse through the agarose into the double-distilled water. The product is a liquid, conditioned medium without exogenous substances except for those derived from the starved plasmodia.
The sporulation-promoting activity of these media was tested in dark sporulation assays. To that end, aliquots of conditioned media were spotted on agarose gels (1% [wt/vol] agarose, 1 mM CaCl 2 ; see Materials and Methods). Plasmodia were starved on these conditioned gels in darkness (25°C), and sporulation was checked from day 4 to 9 every 24 h under green light.
With the dark sporulation assays, conditioned medium was effective. Conditioned media from plasmodia starved in the dark allowed three to five of six test plasmodia (50 to 83%) to sporulate, whereas conditioned media from plasmodia in the light allowed only one to three of six test plasmodia (17 to 50%) to sporulate. It was concluded that conditioned media from plasmodia starved in darkness had more sporulationpromoting activity than media from plasmodia starved in constant light. For all test plasmodia, there were six control plasmodia (i.e., on unconditioned agarose, plain gel plus 5 ml of H 2 O), none of which sporulated during the experiment. The effect of active conditioned medium was measurable above 1 ml but was more effective at 5 ml per conditioned plate. The dark starvation conditioned media did not lose their activity either by later exposure to light or by freezing and thawing.
The constant light assays could not be adapted to test for sporulation-promoting activity. With the demonstration of the calcium requirement in the light, calcium (1 mM) had to be included in the assay along with conditioned media. Under these conditions either all or none of the test plasmodia, or the six control plasmodia, sporulated, depending on the age of the stock cultures used to set up the test plasmodia. Therefore, conditions to tease out a dose-dependent effect of conditioned media, in the light plus calcium, could not be established.
Fractionation of conditioned media. The media were fractionated by ultrafiltration, because this technique enabled a fast physical separation without dilution. Conditioned media from separate sets of cultures kept either in the dark or in constant light were filtered with 30-and 3-kDa filters (filter nominal values), and retenates were diluted to the original volumes (see Materials and Methods). In dark sporulation assays ( Fig. 2A) , the fraction from 3 to 30 kDa (UF3-30kDa) had more sporulation-promoting activity with regard to sporulation time and frequency than the fraction lower than 3 kDa (UFϽ3kDa) and the fraction higher than 30 kDa (UFϾ30kDa).
Poly(beta-L-malate) (PMA) is a component of the active fraction of the conditioned medium. Ultrafiltration fractions from 3 to 30 kDa were prepared from conditioned media with strong or with weak sporulation-promoting activity (i.e., from plasmodia starved in darkness or in constant light; see above) and further analyzed.
1 H-NMR spectra of these fractions had characteristic differences. Spectra of the more active fraction had two additional signals at 3.0 and 5.2 ppm (Fig. 3B) . These signals were not present, or were much reduced, in spectra of fractions with weak activity (Fig. 3A) . These signals were also much smaller in the 1 H-NMR spectrum of a dark starvation medium of the Physarum strain with low sporulation potential, Cl-A (not shown).
The signals at 3.0 and 5.2 ppm were identified as PMA (Fig.  3C ). This component had been previously detected in Physarum plasmodia and in the culture medium (8) .
L-malate has sporulation-promoting activity. Three signals in the 1 H-NMR spectra (2.6, 2.8, and 4.4 ppm) of the fractions from 3 to 30 kDa pointed to the presence of monomeric Lmalate ( Fig. 3A and B) . This was confirmed by HPLC anion chromatography (not shown). Therefore, L-malate was tested in dark sporulation assays. Groups of six plasmodia were assayed on 1% agarose gels in the absence or presence of increasing concentrations of malate. As shown in Fig. 2B , under these conditions no sporulation was detected without malate (none of six plasmodia), while one of six sporulated on 0.5 mM malate and five of six test plasmodia sporulated in the presence of 2 mM malate. In pilot experiments, the effect of malate became apparent. Additional experiments confirmed the sporulation-promoting effect of 2 to 10 mM malate. However, in no case did all plasmodia sporulate, perhaps indicating that malate is ineffective during a window in the cell cycle. These observations suggest that malate may be an active component of the sporulation pathway in the dark.
A possible direct effect of PMA-rather than monomeric malate-has not been studied because of its degradation by a specific hydrolase, polymalatase (12) , which is also secreted by the plasmodium. Also, the higher amount of malate shown in Fig. 3A does not suggest higher sporulation activity of the conditioned medium fraction from the illuminated cultures because a larger sample size of the retinates of the medium from illuminated cultures was used to generate the spectrum depicted in Fig. 3A , to demonstrate the low level of PMA in conditioned medium derived from illuminated cultures.
An effect of malate on sporulation efficiency could not be shown in constant light. However, this does not exclude the effect of malate derived from PMA secreted from the illuminated test plasmodium to above threshold levels prior to the addition of exogenous malate to the test plate in the light sporulation assay.
DISCUSSION
Sporulation is an irreversible differentiation process in the life cycle of Physarum (18) , and its analogies to embryonic induction have been discussed (17) . The mechanism by which the plasmodium becomes competent to react to inducers of sporulation are poorly understood. However, starvation is a prerequisite for plasmodia to become competent to sporulate (4, 7, 17, 18, 22, 26) . Progress has been made in unraveling the perception of light by a starved plasmodium. Three parallel pathways, triggered by either blue light, far-red light, or just heat shock, converge on a common photomorphogenesis pathway (4, 13, 14, 18, 23, 24) .
To date most sporulation studies of Physarum have used the classical regimen (6, 18, 26) where an extended starvation period, usually 4 days, precedes illumination of different duration (pulses to 4 h). All happens to plasmodia on top of an ample supply of a liquid SM. This procedure, which is practical and reproducible, may not mimic either the conditions or the sequence of events in the natural habitat.
In preliminary experiments, several parameters were modified with the unanticipated result that a plasmodium, just on its moist filter paper support at 25°C, will sporulate in darkness. It seems that no exogenous signal is required, although illumination speeds up the sporulation process. One possible mechanism for self-promoting sporulation would be an autocrine stimulation by secreted factors. This possibility had been previously explored (26) by testing conditioned media. Evidence for SCF activity was obtained but no factors could be identified.
We argue here that the liquid sporulation medium in the previous studies dilutes secreted factors. Specifically, the volume effect of gels (Fig. 1A) can be best explained as a delay in sporulation by diffusion of sporulation-promoting factors. The sensitive parameter "sporulation time" and conditions of constant light or darkness now revealed that sporulation can occur at as early as 40 h in light and in 5 days in the dark. Sporulation on filter disks also rules out the possibility that enhancing factors are derived from the agarose gels. We further conclude that the assays used previously, like 4-day starvation in the dark, are insensitive to detect the factors shown in this study (because the starved plasmodia used to test for secreted factors presumably already supplied them at the above-threshold concentration). A further distinction of our assay is that it exposed fresh plasmodia (at the end of exponential growth phase but without any prior starvation on SM) to the test plates or conditioned gels (i.e., plasmodia not already partially autoinduced to sporulate).
Using the constant light sporulation assay and agarose plates, it was found that a fourfold dilution of the SM actually enhanced the sporulation process (i.e., shortened sporulation time by more than 10 h). This finding suggested inhibitory components in the SM. Screening individual components of SM, citrate, iron, manganese, and zinc ions were found to inhibit sporulation.
Under limiting conditions (i.e., the volume effect due to 20 ml of agarose in modified sporulation medium) calcium, at above 1 mM, was identified as a crucial requirement for sporulation. However, it was also demonstrated that sporulation happens without any exogenous calcium on agarose plates prepared in water and kept in the light. It is probable that under these conditions of plasmodial stress, calcium ions to above-threshold levels are released. It was previously shown that calcium was released from plasmodia after illumination (3) , and this may explain why 1 mM calcium always had to be included in the dark sporulation assay (Fig. 2) . 
